Abstract -Current research on lipid metabolism in ruminants aims to improve the growth and health of the animals and the muscle characteristics associated with meat quality. This review, therefore, focuses on fatty acid (FA) metabolism from absorption to partitioning between tissues and metabolic pathways. In young calves, which were given high-fat milk diets, lipid absorption is delayed because the coagulation of milk caseins results in the retention of dietary fat as an insoluble clot in the abomasum. After weaning, the calves were fed forage-and cereal-based diets containing low levels of long-chain fatty acids (LCFA) but leading to high levels of volatile fatty acid (VFA) production by the rumen microflora. Such differences in dietary FA affect: i) the lipid transport system via the production of lipoproteins by the intestine and the liver; and (ii) the subsequent metabolism of lipids and FA by tissues. In preruminant calves, high-fat feed stimulates the secretion of triacylglycerols (TG)-rich lipoproteins (chylomicrons, very-low density lipoproteins (VLDL) 
secreted by mature adipocytes; and iii) the [20] or lactating cows [81] for nutritional or [35, 114] [20, 23] [5, 23, 54] [2] ). LCFA are absorbed by the epithelial cells of the small intestine and are reesterified (for review see [5] ). The resulting TG are incorported into chylomicrons and very-low density lipoproteins (VLDL), which are mostly transported in lymph [61] , but also via the portal vein at peak lipid absorption [27] (figure 1). In sheep, unsaturated LCFA absorbed by the intestine stimulate the intestinal secretion of chylomicrons, whereas saturated LCFA, which are generated by the hydrogenation of unsaturated FA by ruminal bacteria, specifically cause the intestinal production of VLDL [47] .
Total intestinal chylomicron and VLDL production reaches a maximum 8 h after intake in preruminant calves fed a conventional milk-replacer in a single daily meal [27] . In contrast, with a milk diet that does not curdle in the abomasum, postprandial levels of circulating TG and FFA are higher than in conventionally fed calves [6, 40] . Chylomicron synthesis and secretion by the gut are stimulated by various dietary factors, including high levels of fat in milk diets, large amounts of amino acids limiting protein synthesis (L-methionine), or the addition of cholesterol to the milk-replacer (for review see [9] [82] ) or rats (for review see [3] ) because large amounts of VFA and KB are produced by the rumen microflora. The principal circulating KB in ruminants is !-OHC4 but in rats, it is acetoacetate (for review see [3] (20 %) and the kidney (20 %) . However, the relative size of these fluxes change greatly during fasting, pregnancy or lactation (for review [48] [84] ). These fluxes, however, depend on the species, the type of diet and the kinetics of nutrient absorption after a meal. Nevertheless, most of the TG of dairy cows also have an intestinal rather than hepatic origin (for review, see [43] [5] [8, 41] [15] ). It inhibits short-chain FA oxidation [101] and ketogenesis. Several mechanisms for such inhibition have ben suggested (for review, see [43] ). Propionate also inhibits de novo lipogenesis (incorporation of acetate into FA) in rat liver [79] .
More than 80 % of the absorbed butyrate is removed in a single pass through the liver. The end-products of butyrate metabolism by the liver are acetyl-CoA, LCFA and KB. However, more KB are produced by the liver if LCFA is available as a substrate than if butyrate is used (for reviews, see [15, 114] [114] [16, 28] . Finally, the hydrolysis of circulating TG by a lipase may also be a minor source of hepatic LCFA (for reviews see [8, 10, 31] ). There is almost no hepatic lipase activity in cattle, in contrast to the situation in rodents, so, the lipase involved is probably the LPL bound to the endothelium of capillaries in the hepatic sinusoids (for reviews, see [8, 16] [74] . In rodents, the expression of the liver-type FABP is transcriptionally increased by LCFA but not by SCFA [73] . This mechanism may be of great importance in preruminant calves fed fatrich diets.
The various metabolic pathways involved in LCFA metabolism will be discussed in greater details later. Briefly, esterification produces TG, which are either stored in the cytosol or transported into the microsomes and secreted in VLDL particles (for review see [41] ). Alternatively, FA may be oxidised in peroxisomes and mitochondria, to produce free energy !gure 2). Acyl-CoA is transported into or out of the various liver organelles (microsomes, peroxisomes, mitochondria) via a carnitine-dependent system involving carnitine palmitoyl-and carnitine octanoyltransferases (CPTs and COTs, respectively). These enzymes are products of separate genes and the regulation of their activity, especially by malonyl-CoA, is of key importance for overall hepatic lipid metabolism (for review, see [13] ). [17] but inhibits FA oxidation (for review, see [122] [16, 28, 41, 43] [31] ). Fatty liver may also occur in veal calves, it may affect the growth and health of these animals (for review, see [9] ) and their liver metabolism and function [16, 17, 110] .
Lipid infiltration in the veal calf can be resolved with low-fat diets or prevented by the addition of sorbitol to the milk-replacers [7] . 3 .3. Regulation of LCFA transport into mitochondria LCFA-CoA esters are transported into mitochondria via a complex camitine-dependent process which involves the co-ordinated action of two carnitine palmitoyltransferases (CPT I and CPT II) and of a translocase (for reviews, see [13, 70] ). Carnitine levels in the ruminant liver increase in various conditions of metabolic stress (fasting, diabetes, toxaemia during pregnancy, hepatic TG accumulation) [106] . Carnitine stimulates palmitate oxidation in bovine liver slices [24, 25, 55] suggesting that it regulates FA flux via the oxidative pathway. However, it is generally accepted that CPT I activity is the rate-limiting step of LCFA translocation into mitochondria, which regulates LCFA oxidation, and thereby, ketogenesis. CPT I activity is inhibited by malonyl-CoA, the synthesis from acetate of which is stimulated by insulin. Malonyl-CoA [24, 55] , acetate and insulin [56] have been shown to inhibit palmitate oxidation in bovine liver slices. The bovine hepatic CPT I is 8 to 10 times more sensitive to malonyl-CoA inhibition [55] than is that of the rat [71] . If chain-length specificity [30] . The ruminant liver contains two mitochondrial 3-hydroxyacyl-CoA dehydrogenases whereas the liver of monogastric animals contains only one [58] . Propionyl-CoA inhibits the short-chain acyl-CoA dehydrogenase in bovine liver [ [69] . This may be a specific mechanism by which the ruminant liver increases the NADH/NAD ratio, thereby limiting FA oxidation and ketogenesis (for review see [31] ). In addition, the conversion of propionate to propionyl-CoA or succinyl-CoA inhibits 3-hydroxy-3-methyl-glutaryl-CoA synthase, thereby decreasing ketogenesis [68] (for review, see [43] ).
It is well known from studies in other species that, unlike mitochondria, peroxisomes only shorten FA (figure 2) , and that they are especially active against very longchain FA, and unsaturated FA (for reviews, see [45, 113] ). The rate of laurate (3-oxidation in peroxisomes is, however, higher than that of palmitate not only in rats (for review, see [113] ) but also in preruminant calves [90] . FA is also transported across peroxisomal membranes via a carnitine-dependent system which is sensitive to malonyl-CoA [13] . A soluble CPT which is probably peroxisomal in origin has been identified in bovine liver homogenates. This enzyme is more active against LCFA than is the hepatic peroxisomal CPT from rat or mouse [94] . [1] . The next step is the generation of ATP from the proton gradient by ATP synthase. However, some protons are lost because the inner mitochondrial membrane is leaky; ATP production is therefore relatively inefficient with ATP production uncoupled from nutrient catabolism ( figure 3 ). The level of proton leakage in the liver is similar for all species studied [96] and this process is thought to play a key role in the regulation of hepatic energy metabolism [107] . 3 [52] ). However, the metabolic properties of individual muscles are not uniform. For example, there are differences between the left and right ventricles in bovine heart muscle [22] and between proximal and distal portions of the bovine semitendinosus muscle [14] .
Active ruminants foraging widely for food have higher oxidative muscle energy metabolism than sedentary ruminants that always remain within a defined home range [109] . Furthermore, comparisons of cattle, pigs, rabbit and rodents have shown that citrate synthase (CS) activity in the diaphragm is correlated with resting breathing frequency [12] . This shows that the metabolic character of a muscle is consistent with its function.
The oxidative capacity of muscles is directly proportional to their total volume of mitochondria, which is higher in small (e.g. rodents) than in large (e.g. ruminants) animals, higher in active than in sedentary species and higher in red than in white muscles (for review, see [52] The biochemical pathways involved in FA oxidation and subsequent ATP production by the heart and skeletal muscles are similar for all species [21, 66] . As [82] . BDH converts !-OHC4 into acetoacetate which is then broken down by mitochondria ( figure 3 ). BDH content and activity are much higher in the hearts of sheep and cattle than in the hearts of rats and humans in relationships with a higher rate of (3-OHC 4 use by muscles of ruminants [69] .
LPL hydrolyses TG from circulating lipoproteins and thus controls the deliverey of energy from lipoproteins to muscles, even in ruminants [84] (figure 4). Muscle LPL activity and gene expression are, however, lower in ruminants than in rodents [51] .
Muscle LPL may play a key role in replenishing intramuscular TG stores depleted during contractile activity. The TG stored in the cytosol of muscle fibres are hydrolysed by a hormone-sensitive lipase (HSL) !gure 4) (for review, see [21] ) which has been purified from the bovine heart [103] . This enzyme is identical to the HSL present in adipose tissue. HSL and LPL may function as a co-ordinated unit in meeting the energy demands of the muscle (for review, see [21] sheep, whereas they account for 70-100 % in humans, due to large differences in the dietary intake of LCFA between these two species (for reviews see [52, 84] ). As in the liver, the mechanism of NEFA uptake by the muscle cells is probably controlled by the partitioning of NEFA between binding sites in the blood (albumin), plasma membranes and intracellular FABP [115] or ACBP ( figure 4) . Overexpression of the bovine ACBP suggests that ACBP creates a pool of acyl-CoA, similarly to the way that FABP creates a pool of LCFA (for review, see [33] figure 3 ). The carnitine content of muscles is much higher in ruminants than in rats [49, 106] or pigs [77] . Carnitine in muscles may act as an acetyl buffer system, acetyl groups coming from circulating acetate or being produced by LCFA catabolism. Nevertheless, the transport of FA into mitochondria is considered to be limited by CPT I activity, which is strongly inhibited by malonyl-CoA, as in the liver. Studies in other species have demonstrated the existence of two CPT I isoenzymes: the liver-type (L-CPT I) and the muscle-type (M-CPT I), both of which are expressed in the heart of newborn rats. These two isoforms differ in their biochemical properties (sensitivity to malonyl-CoA for example) (for review, see [70] [46] . The liberation of calcium during muscle contraction activates mitochondrial dehydrogenases, thereby stimulating FA oxidation [66] . Only a fraction of the free energy derived from FA catabolism (approximately 40 %) is converted into ATP due to proton leakage !gure 3). ATP synthesis has been studied in bovine heart [108] . The physiological significance of proton leakage may be: i) a heat production to maintain body temperature; ii) greater potential for the regulation of ATP production in response to higher energy requirements; iii) a reduction in harmful free radical production; and iv) the regulation of carbon flux by keeping the cell NAD/NADH ratio high (for review, see [96] ). The transport of ADP into mitochondria and the export of newly synthesised ATP are catalysed by the mitochondrial adenine nucleotide translocase (ANT), this step being generally considered to be the overall ratelimiting step in energy metabolism (for review, see [33] ).
The various products of FA catabolism regulate mitochondrial activity (figure 3): i) high levels of NADH, ATP and acetylCoA inhibit pyruvate dehydrogenase (PDH) activity (for review, see [46] ) resulting in low levels of oxidative catabolism of the pyruvate derived from glucose. Bovine heart PDH activity is also inhibited by 100 11M pahnitoyl-CoA [60] . This interaction between carbohydrates and FA is known as the Randle Cycle; ii) malonyl-CoA inhibits FA transport into the mitochondria; iii) the incomplete coupling of nutrient oxidation with oxidative phosphorylation in mitochondria may be rendered even less complete by LCFA [98] . Indeed, acyl-CoA esters, such as lauryl-CoA, palmitoyl-CoA and oleoyl-CoA, are potent inhibitors of ANT [99, 117] . Two separate acyl-CoA binding sites on ANT from bovine heart have been suggested [99, 117, 118] . A clear correlation has also been demonstrated between the increase in intracellular acylCoA levels and the decrease in ANT activity in dog heart. ACBP greatly reduces the inhibition of mitochondrial ANT by LCFA in vitro (for review, see [33] ).
Thus, the molecular mechanisms involved in LCFA catabolism and ATP production in cattle have been described in detail.
However, further work is required to control the efficiency of ATP production from FA, so as to increase the energy available for muscle growth. [36] . First, intramuscular fat content affects meat tenderness, although it accounts for less than 10 % of the variation between samples [26] . Second, the 'juiciness' of the meat may be partly related to fat content [116] . [89] ). CPT I activity is the rate-limiting step in FA oxidation. CPT proteins have been purified from calf liver [59] and bovine heart [34] in attempts to study the regulation of this step. But Replacing one third of the tallow of the milk replacer by coocunut oil (rich in C 12:0 and C 14:0) increases protein retention in the preruminant calf (for review see [8] [11] . C12:0 and C 14:0, however, do not accumulate within the liver [11] although the fatty acid composition of circulating chylomicrons and VLDL is similar to that of the diet [29] . This may be explained by a modification of the oxidation process: C12:0 is more efficiently broken down, especially by the peroxisomes, than are LCFA in both rats [63] and calves [90] . They are broken down into short-chain FA, which can then be converted to LCFA and finally stored as TG [19] . In addition, the oxidation rate of specific FA, such as oleate, is lower with the coconut oil diet than with a typical milk-replacer [37] [97] ). Recent results in ewes show that leptin gene expression is also affected by photoperiod (for review, see [18] [76] . The TG contents of muscles, liver and adipose tissue are much lower in rats with high leptin levels than in control rats [102] . A restriction fragment length polymorphism has been identified in the PCR amplification products of the bovine leptin gene. The leptin gene maps to bovine chromosome 4 [91] .
A clear aim of leptin research in livestock production would be to control food intake to increase the efficiency of production and to optimise body composition (for review, see [97] [100] ). The down-regulation of gene expression appears to be restricted to the liver and is exerted only by PUFA (for review, see [78] [67] and have been shown to activate RXR activators [57] . 
